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Résumé :

On présente un survol des effets d'un fort dépôt d'énergie en
excitation électronique lors d'une irradiation par des ions lourds de
grande énergie, de cibles métalliques. Ces effets se superposent aux effets
des collisions élastiques et se manifestent suivant les cibles et le niveau
de l'excitation électronique par :

i) un recuit partiel des défauts créés par collisions élastiques
ii) une création de désordre additionnel

iii) des changements de phase : formation de traces et amorphisation
iv) une croissance anisotrope des dimensions des cibles.

Ces diverses manifestations résultent vraisemblablement d'un même
mécanisme de transfert d'énergie entre les électrons excités et les atomes
de la cible. Toutefois aucun modèle n'existe actuellement qui rende compte
de ces effets.
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Extended abstract

This paper presents an overview of the effects of high
electronic energy deposition in metallic targets irradiated with GeV
heavy ions. Let us recall that an ion slows down in matter by two
nearly independent mechanisms : (i) elastic collisions with the target
nuclei, (ii) inelastic collisions leading to the excitation of the
target electrons. These two processes are respectively characterized
by a nuclear stopping power (dE/dx)n and an electronic stopping power
(dE/dx)e : increasing the ion energy allows to gradually pass on from
a region in which the former process dominates to another in which the
latter is preponderant.

In all types of targets, elastic collisions induce atomic
displacements leading to disorder or defect creation, whereas inelas-
tic collisions are known to damage only some types of targets, leading
for example to the creation of colour centres in ionic crystals [1],
latent tracks in insulators [2], ... Up to now inelastic collisions
were considered as totally inefficient to damage metallic targets.

The use of heavy (40Ar to 238 U) energetic (a few ten
MeV/nucleon) ions allows to reach slowing-down regimes in which the
electronic stopping power (~ a few keV.A"1 ) overwhelms the nuclear
stopping power (~ a few eV.A"1 ) : such conditions are thus very
favourable to detect damage creation, if any, resulting from elec-
tronic excitations. In order to check this eventuality, quite a few
experiments were performed in the last decade in a series of metallic
materials exhibiting a large variety of electronic and structural
properties.

The main result of these investigations is that high
electronic excitations lead to various and sometimes conflicting
effects according to the nature of the target :



- partial annealing of the defects induced by elastic collisions,
- creation of additional disorder,
- phase transformation (tracks formation and amorphization),
- anisotropic growth.

Before describing the above behaviours, one should notice that
in some targets high electronic excitations do not seem to play any
role in the damage processes, i.e. the observed damage production rate
corresponds to that expected from the sole elastic collisions. This is
observed in a simple metal such as copper [3] and in ordered
and disordered Cu3Au [4].

1. Annealing effects
Elastic collisions always induce atomic displacements. When

the level of electronic excitation increases, the first new phenomena
which appears in some types of targets is a decrease of the normalized
damage production rate *, i.e. a partial annihilation of the defects
created by the elastic collisions. This occurs in particular in pure
metals such as nickel [3-5], iron [6] and in metallic alloys such as
Ni3Fe and austenites [7].

Another way to look into this problem consists in studying the
influence of high electronic excitations on a population of
preexisting defects. Defects are first introduced in the target using
low energy self ion irradiations. During a subsequent high energy ion
irradiation, a strong athermal recovery of the preexisting defects is
observed in iron [8] and more recently in nickel [9],

This annealing effect supposes of course that the energy
transfered to the electronic system is transmitted to the target atoms
and induces atomic motion which leads to recombination of close
Frenkel pairs.

* The normalized damage production rate refers to the ratio of the
measured production rate to that expected from the sole elastic
collisions.



2. Defect creation effects
Another type of effect which appears in some targets when the

level of electronic excitation increases further is an enhancement of
the normalized damage production rate. This latter effect of
electronic excitations can be competing with that described above : in
fact, according to the nature of the target one can evidence either

(i) the sole annealing effect as in palladium or platinum for
instance [10],

or (ii) the sole creation of additional defects, as in gallium
[11-12],

or (iii) a competition between annealing of defects and
creation of additional damage : this occurs for instance in iron in
which annealing effects appear when the electronic excitations are
moderate ((dE/dx)e < 4 keV.A"

1 ), whereas at high electronic excitation
levels ((dE/dx)e > 4 keV/A"

1 ) the creation of supplementary damage
overwhelms the annealing effects, so that a very strong increase of
the damage rate occurs [13].

In metallic alloys, this creation of new defects can affect
the local order : for example, GeV lead ions induce some disorder in
chemically short range ordered austenites [14].

These modifications in the local order are encountered not
only in crystalline, but also in amorphous metallic alloys. In this
latter type of material the disordering effect is much stronger than
in crystalline materials since the damage production rate can be two
or three order of magnitude higher than that expected from nuclear
elastic collisions [15]. Moreover this spectacular increase of damage
efficiency appears only above an electronic stopping power threshold
value of about 1.5 keV.A"1 .

This defect creation supposes now that the energy transfers
from the excited electronic system to the atoms are effective enough
to induce stable individual atomic displacements.

3. Phase transformation
Among the unexpected manifestations of high electronic

excitations in metallic materials are phase transformations. Up to now
they have been evidenced above a threshold of about 4 keV.A"1 in :

(i) crystalline Ni3B. An increase of the damage production
rate of one order of magnitude was shown to be correlated to an
amorphization of the alloy, as evidenced by electron diffraction [16].



(ii) crystalline Ni-Zr alloys. Conventional and high
resolution electron microscopy observations prove that high electronic
excitations can induce amorphous latent tracks in metallic systems. As
in insulators, according to the level of electronic excitation, these
tracks continuously transform from droplets into continuous cylinders
[17-18]. However the threshold for track formation is much higher in
metallic alloys than in insulators.

These phase transformations suppose that the energy transfers
from the excited electronic system co the atoms can even result in
collective atomic rearrangements.

4. Anisotropic growth
The first experimental evidence ascribable to electronic

energy loss effects has been the anisotropic growth of amorphous
materials. This spectacular phenomenon consists in a macroscopic
deformation : the sample shrinks in the ion beam direction whereas it
expands in the perpendicular direction [19-20]. This behaviour is
clearly related to the amorphous structure : it appears both in
metallic and insulating amorphous materials [20]. This deformation
occurs without volume change and has two characteristic features : (i)
it appears only after an incubation fluence and (ii) never saturates
as the irradiation fluence increases [22-23], It looks like creep due
to internal stresses induced during the passage of the ions through
the target [24].

5. Conclusion
These different effects of high electronic energy deposition

in metallic targets are probably manifestations at various degrees of
the same basic energy transfer process between the excited electrons
and the target atoms. What is the microscopic energy transfer
mechanism : Coulomb explosion , thermal spike ? Which are the

relevant parameters governing the ability of certain metallic
materials to respond to high electronic excitations : electron-phonon
coupling, electrical conductivity, electronic density of states,
crystalline structure, local order ... ? Up to now no theoretical
model allows to answer these new questions.
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